I. INTRODUCTION
III-nitride semiconductors including GaN, AlN, InN, and their alloys enable high performance visible lightemitting diodes and laser diodes for solid-state lighting and display applications. [1] [2] [3] [4] Due to their excellent material properties such as large longitudinal optical phonon energy ($90 meV), large band offset ($2 eV for GaN/AlN) and ultrafast carrier dynamics ($100 fs), 5, 6 III-nitride materials are also attractive for various intersubband transition (ISBT) devices and applications including quantum well infrared photodetectors (QWIPs), 7 quantum cascade lasers (QCLs), 5 and quantum cascade detectors (QCDs). 8 One of the major technical issues for the design and fabrication of ISBT devices is the required high doping concentration (>10 18 cm À3 ) in the quantum well (QW), which will degrade the material quality and increase the impurity scattering. 9, 10 Furthermore, the heavy doping in the QW are also detrimental to the ISBT properties such as the transition energy linewidth and absorption coefficient, due to the bandstructure change and many-body effects including depolarization, excitonic shifts, and exchange term. [10] [11] [12] Helman et al. observed absorption wavelength blueshift in doped GaN/InGaN QWs compared to undoped structures due to many-body effects. 10 Kandaswamy et al. found that increasing doping concentration could result in more than 50% of energy separation of first two subbands. 11 Alternatively, modulation doping such as d-doping has been proposed as a promising method for the fabrication of high performance ISBT devices. 13 Unlike the conventional doping method, the modulation doping will spatially separate the electron in the QW from the impurities in the barrier, leading to advantageous properties such as high doping concentration, higher electron mobility, and narrower absorption linewidth and suppressed many-body effects. [9] [10] [11] [12] Recently, QW based on nonpolar and semipolar III-nitride materials have emerged as new ISBT structures with improved device performance. 6, [14] [15] [16] [17] [18] One major drawback for conventional polar c-plane III-nitride ISBT devices is the large polarization inside the QW, which leads to a quantum-confined Stark effect (QCSE) and a titled QW profile. As a result, the wavelength of the c-plane III-nitride ISBT device is limited. 19, 20 In contrast, nonpolar and semipolar III-nitride QWs can have much reduced polarizations depending on the crystal orientations, [21] [22] [23] [24] [25] [26] [27] and improved ISBT performance such as transition energies and absorption coefficients are reported on semipolar QWs. 16, 17, 28 Our previous work showed that semipolar planes with an inclination angle larger than 55 from c-plane are promising candidates for terahertz (THz) optoelectronics. 18 Despite these progresses, the doping characteristics and their effects on the semipolar QW ISBT devices have never been explored.
In this work, we theoretically investigate the modulationdoping induced band bowing effects on the ISBT properties of AlGaN/GaN QW structures on semipolar ð20 21Þ plane (with weak polarization) and ð10 13Þ plane (with strong polarization) at 150 K, where conventional QW doping scheme is also studied as reference. Very distinct phenomena have been observed for two structures: for ð20 21Þ single quantum well (SQW) with weak polarization, it is found that high doping concentrations can cause significant band bowing to the QW structure, which reduce the absorption coefficients and wavelengths. This band bowing effect will become stronger when the doping layers are closer to the QW. For ð10 13Þ QW with a strong polarization, however, a weak band bowing effect is observed due to large polarization and large band tilting of ð10 13Þ QW. The study shows that modulation doping is a promising method to modify the ISBT properties of semipolar AlGaN/GaN QW to achieve an improved performance such as longer ISBT wavelength (e.g., >20 lm).
II. SIMULATION METHODS
The ISBT properties of AlGaN/GaN SQW are studied on two semipolar planes where ð10 13Þ plane has a strong polarization while ð20 21Þ plane has a weak polarization. All the structures in the simulation contain a 30 nm Al 0.35 Ga 0.65 N barrier and a 12 nm GaN QW. The aluminum (Al) composition is similar to that of the typical GaAs based ISBT devices. 6 It should be noted that the thickness of the high Al composition barrier is close to the critical thickness, which might be challenging for barrier growth. The effect of barrier thickness on ISBT properties is discussed in Ref. 18 . Three doping schemes are implemented on these structures: QW doping, barrier continuous doping (referred as barrier doping), and barrier d-doping (referred as d-doping), which are shown schematically in Fig. 1 . The doping concentrations and positions are varied to explore the doping effects on the ISBT properties. Table I summarizes device structures simulated in the paper. The commercial software SiLENSe developed by STR group is utilized to calculate the bandstructures, subband wavefunctions, subband electron densities, and dipole matrix elements, which has been widely used in III-nitride optoelectronic studies. 6, 29 More details about the software can be found in Ref. 30 . In the software, one-dimensional Schr€ odinger-Possian equation is solved self-consistently with a drift-diffusion model included. The simulation includes the effects of strain and polarization for arbitrary crystal orientations of III-nitride materials, which are critical for III-nitride optoelectronic devices. The material properties including the elastic constants and piezoelectric coefficients that the software used are listed in Table II .
The polarization of semipolar AlGaN/GaN heterostructure is calculated using a method proposed by Romanov et al. where the analytical formalism in linear elasticity is incorporated. 21 The primed coordinate z 0 is along the normal to the epilayers and x 0 and y 0 are in the substrate surface plane. The lattice constant of AlGaN is obtained according to the Vegard law. For a semipolar plane titled from c-plane by an angle of h, the total polarization difference along z 0 at AlGaN/GaN interface can be expressed as a function of h by
where P tot is the total polarization difference between AlGaN barrier and GaN QW, and P 
where elements k 0 m 0 are the strain tensor components and elements e ij are the components of piezoelectric tensor in Voigt notation. The polarization (absolute value) of ð10 13Þ plane is larger than the ð20 21Þ plane. The simulation results obtained in SiLENSe are fed into the MATLAB code to calculate the ISBT absorption spectra, which is expressed as the following:
where a(k) is the ISBT absorption coefficient between the first two subbands, L is the QW thickness, c is the speed of light in vacuum, l is the permeability of QW material, k is wavelength of incident light, n r is refractive index, M 12 is the dipole matrix element of first two subbands, n 12 is the difference of electron concentration between the first and the second subband, E 1 is the energy of the first subband, E 2 is the energy of the second subband, and s is the relaxation time (60 fs is used 6 ). The dipole matrix element M 12 is defined as
where e is the electron charge, z is the normal to the epilayer, w 1 and w 2 are first two subband wavefunctions. n 12 ¼ n 1 À n 2 where n 1 and n 2 are the electron concentration in the first and second subband, respectively. In a QW system, the electron concentration n i of the ith subband is calculated by the integral of Fermi-Dirac distribution and density of states as the following:
where m* is the effect mass, k is the Boltzmann constant, T is the operation temperature, h is the Planck constant, E f is the Fermi energy, and E i is the energy of ith subband. In this work, the temperature T is set as 150 K. Usually, III-nitride ISBT devices are simulated or characterized at low temperature in order to reduce the thermal noise and improve the signal-to-noise ratio. 6, 11, 16, 17 Room temperature operation of III-nitride ISBT devices has not been realized and is undergoing a research topic. The electron effective mass is 0.2 m 0 for both semipolar planes since the in-plane anisotropy effect is negligible.
III. RESULTS AND DISCUSSIONS
Before discussing the ISBT properties of doped QW structures, it is necessary to calculate the bandstructures and subband wavefunctions of ð10 13Þ and ð20 21Þ devices with undoped QW and barrier. Figure 2 shows the results of undoped AlGaN (30 nm)/GaN (12 nm) QW on ð10 13Þ and ð20 21Þ planes. It should be noted that the 200 nm GaN buffer layer is included below the AlGaN barrier. Without doping, both the band diagrams show no signs of bowing which is consistent with previous results. 6, 18 Furthermore, it is evident that ð10 13Þ QW has a more tilted QW profile and both larger energy and spatial separation compared with ð20 21Þ SQW. This will lead to distinct ISBT properties when these semipolar QWs are doped. In Secs. III A -III C, we will compare the three doping schemes for ð10 13Þ and ð20 21Þ QWs and identify the optimal doping schemes for best ISTB performance.
A. Doping schemes Figure 1 shows the schematic structures of three doping schemes that are used in this study. QW doping is uniformly doped over the QW layer, which is the most common doping scheme. The other two doping schemes are modulation doping schemes where the QW layer is unintentionally doped (10 15 cm
À3
). In order to solely investigate the effect of doping concentrations, the spacer thickness in the barrier doping scheme is maintained at 2 nm, and the position of d-doping is 2 nm away from the barrier/QW interface. The doping concentrations of QW doping and barrier doping schemes are varied from 3Â10 18 to 1 Â 10 19 cm À3 while d-doping is increasing from 2 Â 10 12 to 1 Â 10 13 cm À2 . It is noteworthy that d-doping is simulated by doping over 0.5 nm in the barrier, because d-doping is typically spread over a thin layer. Figure 3 shows the absorption spectra of ð10 13Þ and ð20 21Þ SQW under the three doping schemes with various doping concentrations. The two devices show a different range of absorption wavelength due to different polar characters of the two crystal planes. 18 It is clear that ð20 21Þ SQW exhibits different tendencies compared to ð10 13Þ structure in terms of peak absorption coefficients and wavelengths when increasing the doping concentrations. Figure 4 (a) summarizes the peak wavelengths of the absorption spectra in Fig.  3 . For both ð20 21Þ and ð10 13Þ SQW, the peak absorption wavelengths move towards longer wavelengths with higher doping concentrations under all doping schemes. However, the absorption spectra of ð10 13Þ SQW peaks in the range of 5-8 lm and the increase of peak wavelength is relatively small, which is not desirable for terahertz (THz) or far infrared (FIR) applications. In contrast, ð20 21Þ SQW shows a large wavelength red shift in the range of 25-50 lm when the doping concentration increases. However, the longer absorption wavelengths at highly doped ð20 21Þ devices come with the penalty of reduced peak absorption: modulation doping schemes (barrier doping and d-doping) result in more reduction of absorption than the QW doping scheme. Surprisingly, the peak absorption coefficient of ð10 13Þ SQW is increased significantly by a high doping concentration although the wavelength red shift is minimal. In short, ð20 21Þ SQW has increased absorption wavelengths but decreased absorption coefficients at high doping concentrations, while an increase in both absorption wavelengths and coefficients are observed on ð10 13Þ SQW with increasing doping concentrations.
According to Fig. 4(a) , different doping schemes result in a small difference in peak absorption wavelengths for ð10 13Þ SQW, while the absorption wavelengths of ð20 21Þ SQW show a strong dependence on doping schemes. For ð20 21Þ structures in large doing concentration ranges (e.g., >5 Â 10 doping concentrations for ð20 21Þ and ð10 13Þ QWs under different doping schemes, which can explain the change of the peak absorption coefficients. According to Eq. (3), peak absorption happens when E 2 À E 1 ¼ hc/k, meaning the peak absorption coefficient is proportional to jM 12 j 2 and n 12 . The electron density of ð20 21Þ SQW under the QW doping scheme increases slightly when the doping concentration increases. In comparison, the other two doping schemes (i.e., barrier doping and d-doping) for ð20 21Þ SQW lead to a reduced n 12 at high doping concentrations. This is due to the significant QW bowing under modulation doping schemes, which reduces the effective barrier height E B; eff and results in lower subband energies. This result is further confirmed by different E 1 and E 2 under different doping schemes, which is shown in Figs. 5(c) and 5(d). For ð20 21Þ SQW under both d-doping and barrier doping schemes, E 2 is much lower than the Fermi level than under the QW doping scheme, which means the second subband is more populated and decreases n 12 . The scenario for ð10 13Þ SQW is different under all doping schemes, where n 2 is much smaller than n 1 and can be neglected. Therefore, an increase of n 1 with a doping concentration explains larger n 12 at a higher doping density. On the other hand, M 12 of ð20 21Þ SQW drops with increasing doping concentrations under all doping schemes, while a small change was observed on M 12 of ð10 13Þ. The distortion caused by QW bowing in ð20 21Þ SQW reduces the large wavefunction overlap of flat undoped QW profile. For ð20 21Þ SQW, the combination of reduced n 12 and M 12 gives rise to lower peak absorption coefficients at high doping concentrations under modulation doping schemes, while a combination of increased n 12 and decreased M 12 is observed for QW doping. Much higher n 12 and relatively constant M 12 are responsible for larger peak absorption coefficients at higher doping concentrations under all doping schemes for ð10 13Þ SQW.
B. Spacer thickness in barrier doping
From the discussions above, barrier doping is promising for pushing the absorption to longer wavelength while keeping the active region away from impurities. However, high doping concentrations could cause decreased absorption coefficients due to the large QW bowing. In addition to doping concentrations, another key aspect of the barrier doping scheme is the spacer thickness (which is set at 2 nm for the aforementioned discussions). Therefore, it is important to investigate how the space thickness will affect the ISBT proprieties with low doping concentrations. Here, ð20 21Þ and ð10 13Þ SQW with the same structure are studied with a donor concentration N D of 3 Â 10 18 cm À3 at varying spacer thicknesses from 0 nm to 10 nm. Note that 0 nm means there's no spacer layer in the structure, which is not ideal because of the interface scattering. Figure 6 shows the absorption spectra of ð20 21Þ and ð10 13Þ SQW with different spacer thicknesses under barrier doping scheme. For ð20 21Þ structure, peak absorption coefficients increase, while the peak absorption wavelengths decrease, with increasing spacer thicknesses. For (10 13Þ structure, however, both peak absorption coefficients and wavelengths decrease when the thickness of the space layer increases. Figures 7(a) and 7(b) present the subband electron density and M 12 /e as a function of spacer thickness for ð20 21Þ and ð10 13Þ SQW. For ð20 21Þ SQW, both n 1 and n 2 are reduced with large spacer thicknesses while n 12 is almost constant. The reduction of n 1 and n 2 is due to the induced electron concentration in the QW, which is proportional to the distance between the barrier donors charge and QW. Increasing spacer thicknesses will move the doped layer farther from the QW, causing a less induced charge in the QW. On the other hand, M 12 increases rapidly with increasing spacer thickness due to less QW bowing and thus more wavefunction overlap as shown in Figs. 7(c) and 7(d) . The peak absorption coefficient of ð20 21Þ SQW becomes larger with thicker spacer since the peak absorption coefficient is proportional to M 12 squared and n 12 according to Eq. (3). For ð10 13Þ SQW, completely different tendencies are observed: n 2 is negligible, and n 1 is reduced with increasing spacer thickness, which gives a smaller n 12 . This behavior of n 12 variation stems from the fact that E 2 is above or close to the Fermi level, and n 2 is insignificant. Furthermore, M 12 is also decreasing with the spacer thickness. Therefore, ð10 13Þ device is observed with a smaller peak absorption coefficients with thicker spacer layers. As far as the change of peak absorption wavelength, it can be analyzed through the bandstructure and subband wavefunction that are calculated in Figs. 7(c)-7(f). ð20 21Þ SQW with 8 nm thick spacer has a relatively less bowing in the QW and a larger subband wavefunction overlap. The former result makes E B;eff larger that results in the larger energy separation of first two subbands, i.e., shorter peak absorption wavelength. The latter results is the reason for increased M 12 with a thicker spacer. With 8 nm spacer, ð10 13Þ SQW shows a larger negative slope in the QW creating a deeper triangular potential, which further separates E 1 and E 2 meaning a smaller peak absorption wavelength. In addition, no significant change of subband wavefunction overlap is observed when including the thick spacer layer.
C. Position of delta doping
Besides the barrier doping scheme, the other modulation doping scheme, i.e., d-doping, shows some advantages since a very high d-doping can be achieved without degrading the material quality and needs much less dopants. 13 In addition to the doping concentrations, the positions of the d-doping also have significant impacts on the ISBT properties of the SQW structures. Figures 8(a) and 8(b) present the absorption spectra of ð20 21Þ and ð10 13Þ SQW with various d-doping locations in the barrier, where the doping concentration is kept at 4 Â 10 12 cm À2 for the simulation. The peak absorption coefficient of ð20 21Þ SQW becomes larger and the peak absorption wavelength smaller as the d-doping is moving away from the QW layer. ð10 13Þ structures have both decreased peak absorption coefficients and wavelengths with increasing d-doping position. In Fig. 8(c) , it is observed that for ð20 21Þ SQW, n 12 is almost constant while the M 12 increases with increasing d-doping position. This could account for the large peak absorption coefficients observed on ð20 21Þ SQW. In Fig. 8(d) , it is shown that ð10 13Þ SQW exhibits almost constant values for M 12 with different d-doping positions, while the n 12 decreases with the doping position, which leads to the smaller peak absorption coefficients in the ð10 13Þ SQW at large d-doping positions. The change of peak absorption wavelengths is also related to the QW bowing as discussed in the barrier doping scheme. Although changing the location of barrier doping and d-doping has a similar influence on the ISBT properties for ð20 21Þ and ð10 13Þ SQW, it is worthy to mention that d-doping is more efficient in realizing a longer absorption wavelength than barrier doping due to stronger impacts on the QW profiles. This is because the centroid of the donor charge in d-doping is closer to the QW than that of barrier doping when the distance between the edge of barrier donor and QW is the same. All these results indicate that d-doping is preferable to barrier doping if the modulation doping is being used.
IV. CONCLUSIONS
We study the ISBT properties of ð20 21Þ and ð10 13Þ AlGaN/GaN SQW under modulation schemes (i.e., barrier continuous doping and d-doping.) at 150 K. ð20 21Þ SQW has decreased peak absorption coefficients and increased peak absorption wavelengths at high doping concentrations (e.g., >5 Â 10 18 -10 19 cm
À3
) due to large bowing in the flat QW profile, while the ð10 13Þ SQW is less affected by doping concentrations due to titled QW profiles. Moreover, the effect of modulation doping is highly dependent on the locations of donor charge. Increasing the spacer thickness in barrier continuous doping scheme or moving the d-doping away from the QW in barrier d-doping scheme alleviates the band bowing of the QW profile, resulting in a higher peak absorption coefficient and a smaller peak absorption wavelength. Compared to the barrier continuous doping scheme, barrier d-doping scheme can dope the QW and modify the QW profile more effectively due to the closer position of dopants relative to the active region.
